The use of headwater catchments to understand the age, availability, and fate of organic matter exported from terrestrial to fluvial systems by Dempsey, Christopher
Lehigh University
Lehigh Preserve
Theses and Dissertations
2013
The use of headwater catchments to understand the
age, availability, and fate of organic matter exported
from terrestrial to fluvial systems
Christopher Dempsey
Lehigh University
Follow this and additional works at: http://preserve.lehigh.edu/etd
Part of the Physical Sciences and Mathematics Commons
This Dissertation is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Dempsey, Christopher, "The use of headwater catchments to understand the age, availability, and fate of organic matter exported from
terrestrial to fluvial systems" (2013). Theses and Dissertations. Paper 1472.
 
 
 
The use of headwater catchments to understand the age, availability, and fate of organic 
matter exported from terrestrial to fluvial systems 
 
 
 
by 
 
 
Christopher Dempsey 
 
 
 
 
 
 
A Dissertation 
 
Presented to the Graduate and Research Committee 
 
of Lehigh University 
 
in Candidacy for the Degree of 
 
Doctor of Philosophy 
 
 
 
 
 
 
 
in 
 
Earth and Environmental Science 
 
 
 
 
Lehigh University 
 
May 2013 
 
 
ii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2013 Copyright 
Christopher Dempsey 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iii 
 
 Approved and recommended for acceptance as a dissertation in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy 
 
Christopher Dempsey 
The use of headwater catchments to understand the age, availability, and fate of 
organic matter exported from terrestrial to fluvial systems 
 
 
 
  4/12/2013 
                                                 
Defense Date 
 
                                                                     
        Stephen C. Peters 
         
                                                                                                 
Approved Date    
                                                                  
     
                                                                     
 
        Committee Members: 
 
 
                                                                      
        Donald P. Morris 
 
 
                                                                      
        Frank J. Pazzaglia 
 
 
                                                                      
        Stephen C. Peters 
 
 
                                                                      
        Derick G. Brown 
                 
 
 
 
 
iv 
 
ACKNOWLEDGMENTS 
 The work compiled here would not be possible without a long list of friends and 
family.  In my time at Lehigh, I have enjoyed my experience immensly and am thankful for 
all of the opprotunities that I have been given over the last 6 years.   I would like to take this 
opportunity to thank my advisors and the Earth and Environmental Sciences Department for 
funding much of my research as this was conducted with minimal external grants. 
 I would like to thank my committee members for all the help they have provided in 
guiding me through the highs and lows of the last 4 years.  Their invaluable advice has 
guided me to what I hope will be the start of a successful career.  While I can't detail 
everything here, I have chosen one item that I am extremely appreciative of.  To Don: for 
being such a hands off advisor and allowing me to solve problems on my own.  While not 
commonly thought of, this may be more important to my career than any of the work detailed 
in this dissertation.  To Frank:  for helping me put things into perspective and motivating me 
to take the next step.  Thank you for giving me the opportunity to travel abroad and show me 
that scale (size, time, etc) does matter.  To Steve: for taking the time to listen, even if it had 
nothing to do with science.  Thank you for teaching and pushing me to make high quality 
figures and presentations.  To Derick: for the use of laboratory instrumentation.  Without the 
use of the spectrofluorometer, much of this work would not have been possible.  Raymond 
and Chris Osburn were more than helpful in allowing me to work in their research lab or 
building Matlab code to correct EEMs.  They also provided insight into topics that I would 
not normally have delved into.  To all of the EES faculty and staff...I am very appreciative to 
the atmosphere created here at Lehigh and for all of your help and insight in helping me to 
complete my projects.  I must thank the graduate students for the fun times both at and away 
from work.  A special thanks to Caroline for putting up with me for all of these years.
 v 
TABLE OF CONTENTS 
 
 
Content               Page # 
           
List of Figures        vi  
 
List of Tables        vii 
 
Abstract        1 
 
Introduction        2 
 
Chapter 1        5 
 
Chapter 2        24 
 
Chapter 3        42 
 
Summary        57 
 
Appendix        61 
 
References        68 
 
Vita         76 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 vi 
LIST OF FIGURES 
 
Figure Name                       Page # 
Figure 1        16 
Figure 2        17 
Figure 3        32 
Figure 4        33 
Figure 5        34 
Figure 6        36 
Figure 7        37 
Figure 8        49 
Figure 9        50 
Figure 10        51 
Figure 11        52 
 vii 
LIST OF TABLES 
 
Table Name               Page # 
Table 1        9 
Table 2        14 
Table 3        15 
Table 4        27 
Table 5        35 
Table 6        47 
Table 7        53 
    
 1 
ABSTRACT 
 
 Headwater streams provide a critical interface between terrestrial and aquatic 
ecosystems.  Significant quantities of dissolved organic carbon are stored in soils and a 
portion of this is transported through river systems on an annual basis.  This organic carbon 
is an important energy source for microbial communities and its quality has important 
implications for its availability and transport to downstream reaches. Prior studies have 
focused on dissolved organic carbon in large river systems.  While important, these studies 
can be affected by anthropogenic influences and by large-scale heterogeneity in geology and 
vegetation across large watersheds.  Here we provide insight into the export, quality, and fate 
of dissolved organic carbon in headwater streams.  We utilized small catchments with 
varying land use types in Pennsylvania to assess changes to the quality of dissolved organic 
carbon during storm events and nutrient addition experiments.  The agricultural site exports 
significantly higher concentrations of DOC per watershed area.  During storm events we 
observed little change in the fluorescence organic carbon signal and an increase in SUVA254.  
Biolability decreased with increasing discharge in the forested watersheds.  Nutrient addition 
experiments indicated an increase in microbial respiration with both nitrogen and 
phosphorous.  Batch culture experiments show that much of the organic carbon transported in 
headwater streams is respired to the atmosphere as CO2.  Land use is important to DOC 
export, DOC biolability, and bacterial growth efficiency, but has minimal influence on the 
export of aged DOC.  Hydrology played a more important role than land use in controlling 
the export, availability, and fate of dissolved organic carbon in headwater streams. 
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INTRODUCTION 
 
 The study of organic carbon has important implications for aquatic ecosystems and 
can be divided into two distinct fractions.  Dissolved organic carbon (DOC) serves as an 
energy source to heterotrophic microbial communities.  Particulate organic carbon (POC) is 
utilized by macroinvertebrate communities and can ultimately be degraded to form DOC.  
Many studies have focused on organic carbon dynamics in large rivers because they transport 
material to the ocean and integrate exports from large, but variable landscapes.  Jobaggy and 
Jackson (2000) demonstrated that 1500 Pg of organic carbon is stored in the upper meter of 
soil profiles and the dominant input of organic carbon to streams and rivers is terrestrial 
landscapes (Meybeck, 1993 and Raymond and Bauer, 2001b).  Headwater streams provide a 
critical interface with terrestrial ecosystems and are ultimately responsible for much of the 
material transported to larger river systems. 
 In headwater streams, much of the organic matter is transported during high discharge 
events (i.e. storm events  or snow melt).  The source of organic carbon can change 
throughout the course of a storm event with inputs from groundwater, precipitation, 
throughfall, soil pore water, and hillslopes.  Presumably, each of these sources will have a 
distinct organic carbon fingerprint that will influence its quality and bioavailability.  During 
baseflow, headwater systems are likely to be groundwater fed.  As the storm event 
progresses, water can be sourced from the soils, riparian zone, and then hillslopes.  
Depending on the intensity, rainfall can be a source of input as well.  The quality or 
composition of DOC is directly related to a microbial communities’ ability to utilize it as an 
energy source.  Our discipline has an incomplete understanding of how landscapes export 
organic carbon, what controls biolability, and how these factors might be influenced by land 
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use change.  More importantly, little is known about the quality and availability of DOC 
exported during high discharge events.  This has important implications not only for 
headwater systems, but for downstream reaches as well.   
 As mentioned above, a significant number of studies have focused on large river 
systems.  It is well known that rivers can export aged organic matter.  POC is almost always 
older than DOC in these large river systems and agricultural landscapes tend to export the 
oldest organic material.  Much of the DOC in aquatic systems is dominated by a young (< 20 
yrs) carbon pool that is rapidly recycled and presumably highly labile.  Most studies have 
focused on larger river systems, which can be influenced by anthropogenic influences and by 
large-scale heterogeneity in geology and vegetation across large watersheds.  We have little 
understanding as to the source of this aged organic material and controls on its export from 
other land use types. 
 Heterotrophic microbes utilize DOC as an energy source.  As part of the metabolic 
process, DOC can be assimilated or respired as CO2.  The efficiency at which microbial 
communities convert available DOC to biomass is referred to as bacterial growth efficiency 
(BGE).  This conversion has important implication for organisms higher in trophic status as 
microbial communities occupy the base of the food chain.  Several studies have shown that 
BGE can be controlled by land use and available nutrients, but results are not consistent 
across all aquatic systems.  
 In this work, we try to provide a better understanding of how land use, discharge, and 
inorganic nutrient concentrations influence the quality, biolability, and export of dissolved 
organic carbon in headwater catchments.  We focus on three distinct questions: 
 4 
1) How does nutrient addition affect microbial respiration, bacterial growth efficiency, and 
biolability? 
2) Is the age of organic carbon controlled by land use, season, or discharge? 
3) Is the export, quality, and availability of DOC influenced by land use, discharge, and 
season?   
By exploring these questions, we can begin to understand ecosystem controls on the export, 
quality, and availability of organic carbon in headwater streams.  All of this will help to 
constrain estimates and utilization of DOC as an energy source, and further our understand 
carbon cycling at the interface between terrestrial and aquatic ecosystems. 
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CHAPTER 1 
 
Assessing changes in microbial respiration, BGE, and bacterial production with 
nutrient addition to stream samples 
 
Abstract 
This study explores the role of dissolved organic carbon (DOC) as an important 
source of energy in lotic systems that can regulate food chain dynamics.  It is thought that 
inorganic nutrient addition to stream culture samples will increase microbial respiration and 
bacterial growth efficiency.  Nutrient limitation may prevent microbial communities from 
reaching their full potential in terms of biomass and efficiency, which could limit organisms 
at higher trophic levels.  Here we utilize batch cultures to assess changes across a variety of 
water quality and nutrient parameters in an effort to assess the role of inorganic nutrient 
addition in regulating microbial activity in headwater streams.  Treatments of phosphorus 
addition (+P) and nitrogen and phosphorus addition (+N+P), were used to assess changes in 
microbial activity in samples collected from forested and agricultural headwater streams.  
Phosphorus limitation was only observed at a single site, suggesting that a secondary limiting 
nutrient (e.g. nitrogen) may affect microbial activity at the other sites.  Combined 
phosphorous and nitrogen additions demonstrated that nitrogen did limit microbial 
respiration at many of the study sites.  BGE values were highly variable and did not appear to 
be controlled by inorganic nutrient concentration.  We did observe increased carbon 
production with nutrient addition at some of the study sites.  The results of this study indicate 
that small streams could export more carbon through respiration rather than incorporating 
available DOC into biomass. 
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Introduction 
 By definition, organic carbon is the only energy source for obligate heterotrophic 
bacteria.  In lotic ecosystems, organic carbon is usually most abundant in the form of 
dissolved organic carbon (DOC). The composition of DOC varies in streams depending on 
source material, landscape, and climate (Meyer, 1990; Belmont et al, 2009).  The quality of 
organic carbon is related to its composition and can span a spectrum of biolability, with some 
material being readily available (biolabile) for microbial degradation and other material 
being more recalcitrant (not readily available).  Recalcitrant material can only be broken 
down by slow microbial degradation, often with the help of photochemical reactions (Lindell 
et al, 1995; Schindler and Curtis, 1997).  DOC can additionally be classified in a more 
general manner according to the source from which the organic material originates.  
Autochthonous DOC is produced during decomposition, through active exudation by both 
photosynthetic and heterotrophic organisms, or through grazing.  These compounds tend to 
be characterized by lower molecular weight and tend to be lighter in color (Kaplan and Bott 
1982).  Allochthonous material is derived from recalcitrant plant material and microbial 
waste products and most commonly originates from the leaching of humic material from 
soils.  This type of DOC tends to be higher in molecular weight, darker in color, and 
primarily consists of tannins, fulvic acids and humic acids (Wallis and Ladd, 1983) 
 Microbial heterotrophs in lakes are predominantly regulated by inorganic nutrients 
rather than by the nature of the organic carbon itself (Morris et al, 1992; Kirchman, 1994; 
Cimbleris et al, 1998).  Phosphorus was thought to be the most common limiting nutrient in 
freshwater aquatic ecosystems, but research suggests that nitrogen plays a critical role in 
controlling microbial activity (Howarth, 1988; Lewis et al, 2008).  There has been extensive 
research on the effects of nutrient limitation and addition on lake ecosystems, but few papers 
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have focused on its effects in lotic systems.  Previous analysis of stream ecosystems has 
shown that both biomass and productivity of microbial communities are affected by nutrient 
additions (Tank et al, 1998, 2003).  Other factors such as light and availability of organic 
carbon can also be important (Amon et al, 1996).  Bernhardt and Likens (2002) showed that 
addition of labile carbon caused decreased nitrate concentrations, increased microbial 
biomass, and increased microbial respiration.  Few studies have tried to assess the role of 
phosphorous and nitrogen affecting microbial respiration, bacterial growth efficiency (BGE), 
and carbon production in headwater stream environments.   
 The fate of organic carbon in lotic systems is important as microbial communities act 
as a critical link between DOC and higher trophic levels.  Heterotrophic microbes are capable 
of metabolizing a portion of the DOC and converting it into microbial biomass, which can 
then be consumed by organisms in higher trophic levels.  This critical link provides energy 
for lotic systems not only from autochthonous sources, but also from allochthonous sources 
(i.e. the breakdown of leaf litter).   
The present investigation used batch culture methods.  Prior studies have used 
incubation periods of 5 to 20 days to measure microbial respiration and DOC consumption in 
batch containers (del Giorgio and Cole, 1998).  The use of batch cultures allowed us to 
measure changes in DOC, water quality, and BGE over a distinct time period.  By measuring 
changes in the amount of DOC, dissolved oxygen (DO), and dissolved inorganic carbon 
(DIC) utilized or produced by microbial communities in culture, we can determine the effects 
of nutrient addition on microbial activity and carbon processing.  In comparison to other 
methods, (i.e. plug flow bioreactors) batch cultures allowed us to sample the active microbial 
community without sacrificing the entire population. 
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 This study investigated the effects of inorganic nutrient addition on microbial 
respiration in stream culture samples and gauged the importance of inorganic nutrients in 
maintaining this potential link between DOC and higher trophic levels in forested and 
agricultural watersheds.  The goals of the study were to determine whether nutrient additions: 
1) increased microbial respiration and 2) increased bacterial growth efficiency and/or carbon 
(biomass) production by microbial communities.  The results of this study can be used to 
assess the fate of DOC in small headwater streams.  We collected samples from both forested 
and agricultural streams to assess differences between the two land use types. 
 
Methods 
 This study utilized first-order streams in the Lehigh River watershed.  All of the 
sampling sites were preselected using water quality data collected from 2002 to 2005 
(Belmont et al, 2009).  We wanted to study nutrient limited systems in both forested and 
agricultural areas.  In the first part of the study we analyzed the effects of phosphorous 
addition on microbial communities.  Throughout this paper, these treatments are designated 
as "+P."  In the second part of the study we analyzed the effects of both nitrogen and 
phosphorous.  Throughout this paper, these treatments are designated as "+N+P."   
Collection Methods 
 Six headwater stream sites located in the Lehigh Valley watershed were utilized for 
this study.  Three sites were selected as forested locations with concentrations ranging from 
3.42 to 25.17 mg C L-1.  These sites were located near the town of Blakeslee, PA and are 
referred to as sites F1, F2, and F3.  The three agricultural sites had DOC concentrations 
ranging from 1.07 to 2.24 mg C L-1.  These sites (AG1, AG2, and AG4) were located near 
the town of Bath, PA.  The hydrology and land use characteristics of each site were 
previously classified by Belmont et al. (2009) and can be found in Table 1. Detailed 
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information about site location and sampling month can be found in the Appendix.  Water 
samples were collected at each site using acid washed 5-gallon polyethylene carboys. 
Samples were retrieved under base flow conditions, kept in the dark, and immediately 
returned to the lab where they were filtered through Whatman GF/F filters (0.7 µm) at low 
vacuum pressure using a portable Masterflex sampling pump.  We operationally defined 
DOC as material that passed through this pore size.  Natural microbes that passed through the 
0.7 µm filter were used to assess the study goals. 
Table 1.  Geographic characteristics of the study sites. 
Site Area (km2) 
Slope 
(%) 
Forest 
(%) 
Agriculture 
(%) 
Urban 
(%) 
Other 
(%) 
Wetland 
(%) 
F1 4.7 2.2 84 4 0 0 40 
F2 3.3 1.9 83 0 0 0 25 
F3 7.2 1.4 92 3 0 0 44 
AG1 5.2 9 10 84 0 5 1 
AG2 10 8.1 63 20 0 15 2 
AG4 9.6 8.3 19 52 3 26 0 
 
Batch culture design 
 All glassware was acid washed, rinsed with DI water, and then ashed at 450° C.  
After filtration, water samples were analyzed for dissolved organic carbon (DOC), total 
nitrogen, and total dissolved phosphorous.  Phosphorus or phosphorous and nitrogen was 
then added to the samples as sodium phosphate dibasic anhydrous (+P) and ammonium 
chloride (+N) to the ratio of 106:16:1 for DOC: nitrogen: phosphorus.  Based upon these 
elemental supply ratios, we assumed no microbial limitation by either nitrogen or 
phosphorus.  Nutrient addition occurred only at the onset of the 21 day experiment. 
 Batch cultures were constructed using the flow-through incubation method described 
by del Giorgio (2006).  We used 4 replicate batch cultures, each composed of two 4 liter 
flasks.  Air was evacuated at the start of each experiment by adjusting the rubber stoppers.  
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Analysis samples were retrieved from a lower flask, while the upper flask added additional 
water from the same site.  Water was allowed to incubate for a period of 21 days and was 
sampled on days 0, 7, 14, and 21 for the first part of the study (+P treatment).  During the +P 
treatments, we found that weekly sampling of cultures with inorganic nutrient additions often 
overlooked microbial processes that operated on shorter time scales.  During the +N+P 
treatments, we sampled every other day for 21 days.  Cultures were kept at room temperature 
in the dark and slowly stirred.  Batch cultures were designed so that we operated replicate 
cultures for inorganic nutrient addition and control (i.e. no inorganic nutrient additions) 
samples.  During routine sampling, a 20 mL sample was collected in a graduated cylinder 
and transferred to scintillation vials for bacterial production measurements.  Samples for 
analysis of dissolved O2 and CO2 were collected without exposure to the atmosphere using a 
syringe.  Samples for DOC and pH were collected in acid washed and ashed beakers or 
archive vials with acid washed Teflon caps.  All samples were collected simultaneously to 
optimize sample replication. 
Chemical analysis 
  DOC concentrations were analyzed using a Shimadzu TOC-V CPH Total 
Organic Analyzer with an ASI-V auto sampler.  External acidification was used for each 
sample and measurements were performed following the methods of Sharp (1993).  
Dissolved inorganic carbon concentrations (as CO2) were measured with a Shimadzu GC-8A 
Gas Chromatograph using helium as the carrier gas.  Samples were acidified using 0.1 N 
H2SO4 and then stripped with nitrogen gas prior to injection.  Dissolved oxygen was 
measured using a modified Winkler titration (Parson et al, 1984).  The pH was measured 
with a portable Orion SA 250 pH meter using a Thermo Ross pH probe and a two-point 
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calibration.  Bacterial respiration (BR) was measured from the loss of DO over time.  
Bacterial production (BP) was measured in sub-samples from the batch cultures using the 3H 
leucine method (Petit et al, 1999).  Isotope incorporation was measured using a Wallac 1409 
Liquid Scintillation Counter.  Leucine incorporation was converted to BP using a factor of 
3.1 kg mol/leu (del Giorgio, 2006).  The bacterial growth efficiency (BGE) was estimated as:  
(1) BGE= (BP)/ (BP+BR) 
Where bacterial secondary production (BP) is defined as the amount of substrate transformed 
to bacterial biomass, and bacterial respiration (BR) is the amount respired to inorganic 
carbon.  BGE for each batch culture was calculated by using mean BP values.   
 Total carbon production was calculated by plotting production rates and measuring 
the area under the line for the 21-day period.  Total DIC production was estimated by 
subtracting the inorganic carbon concentration obtained on day 21 from that obtained on day 
0 for each batch culture. 
 Fluorescence properties of each sample were measured to help determine the DOC 
quality.  A Shimadzu RF-551 Fluorescence HPLC monitor with a 1-cm cell was used for 
fluorescence measurements.  All samples were analyzed at room temperature and corrected 
by subtracting a deionized water blank.  Fluorescence measurements were made with an 
excitation wavelength of 370 nm and emission was measured from 400 to 700 nm (McKnight 
et al, 2001).  A fluorescence index (FI) was calculated using the ratio of blank-corrected 
emission intensity at two wavelengths (450:500 nm).  In the +P analysis we measured 
fluorescence on all samples.  Since we observed little change in the FI during the 21 day 
analysis, we ran an abbreviated number of samples in the +N+P treatment.   
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 DOC biolability was estimated as the percentage of DOC consumed by the microbial 
community over the 21-day incubation period associated with the batch cultures.  
Statistical methods  
 The results of the batch cultures were analyzed in two ways.  First, linear regression 
of experimental variables against time identified batch cultures with significant trends over 
the 21 day period.  This was done using the linear regression analysis tool in the Microsoft 
Excel Data Pack, which provided r2 and p-values.  Secondly, regressions were compared with 
each other using a student’s t-test with a 95% confidence interval to assess the similarities 
and differences at each site. 
 
Results 
To review, the goals of the project were to assess the effects of nutrient addition on 1) 
microbial respiration and 2) BGE and carbon production at each site.  We can then compare 
how nutrient addition affected microbial communities in forested and agricultural streams 
and provide a clearer understanding of the fate of organic carbon in these headwater streams. 
Overview 
 In the control samples we observed utilization of DOC, but in most cases there was 
not a significant change between the beginning and end of each batch culture experiment 
(S.I. Table 2).  DO consumption in the control samples indicated significant utilization for 
many of the study sites (S.I. Table 3).  Additionally, we did not observe increases in carbon 
production and the data show that more carbon was lost through respiration instead of being 
incorporated as biomass (Fig. 2).  BGE tended to be variable, but was lower at most of the 
sites when compared to the nutrient addition treatments (Fig. 1). 
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 In the phosphorus addition samples (+P) we observed a single instance of increased 
DOC utilization (Table 3).  We did observe significant utilization of DO in many of the batch 
culture samples although this was not related to land use type and in some cases varied at 
specific study sites (S.I. Table 3).  The data did not indicate a significant increase in BGE or 
carbon production with phosphorus addition (Fig. 1).  As in the control samples, much of the 
organic carbon was respired as CO2 (Fig. 2).   
 In the nitrogen and phosphorus addition samples (+N+P) we observed significant 
utilization of DOC at a single site (Table 3).  Nitrogen and phosphorous addition caused an 
increased use of DO at four of the study sites and increased DIC production at two of the 
study sites (Table 3).  BGE tended to be higher for the +N+P samples when compared to the 
control samples (Fig. 1), but these changes were not significant.  Carbon production 
significantly increased with the addition of both nutrients and we continued to observe a bulk 
loss of CO2 from the system through respiration (Fig. 2). 
Watershed Summary Data 
Table 2 provides a summary of DOC concentration and quality for each site during 
the study period (+P and +N+P).  The FI for the forested sites (F1-F3) was lower (1.2-1.4) 
than the agricultural sites AG1-AG4 (1.5-1.7) and did not vary substantially across treatment 
types.  Over the course of the 21-day batch experiments, we did not observe a significant 
change in the FI at each study site.  DOC concentrations tended to be higher at all of the 
study sites during the +N+P treatment.  Biolability varied across sampling sites and we did 
not observe significant increases following nutrient addition during either treatment type.  
Biolability tended to be variable between treatment types.  Every effort was made to sample 
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each site during the same season (ex. Fall, Winter, and Summer), but this likely explains 
some differences between the study periods (+P and +N+P).  
Table 2.  Mean DOC concentration, mean F Ratio, and mean biolability values for each site 
during the study periods. 
 
Site Mean DOC (mg/L) +P 
Mean DOC 
(mg/L) +N+P 
F ratio  
(+P)* 
F ratio 
(+N+P)* 
Mean % 
Biolability 
(+P) 
Mean % 
Biolability 
 (+N+P) 
F1 3.99 ± 0.15 4.19 ± 0.35 1.38± 0.02 1.45 ± 0.02 5.6 - 10.9 2.4 - 4.2 
F2 10.94 ± 0.31 37.42 ± 22.36 1.35 ± 0.02 1.01 ± 0.03 3.1- 7.4 13.8 - 44.1 
F3 5.00 ± 0.16 1.71 ± 0.16 1.24 ± 0.02 1.40 ± 0.04 2.9 - 6.1 5.5 - 8.0 
AG1 1.32 ± 0.14 1.22 ± 0.14 1.68 ± 0.04 1.64 ± 0.04 0 – 38.4 1.8- 8.3 
AG2 1.61 ± 0.12 1.26 ± 0.13 1.57 ± 0.04 1.69 ± 0.15 0 – 12.9 1.5 - 8.6 
AG4 1.07 ± 0.21 1.23 ± 0.53 1.59 ± 0.13 1.75 ± 0.32 25.7 - 45.9 7.4 - 17.1 
*In the +P treatment the average F ratio was calculated with n = 84 for each site.  In 
the+N+P treatment the average F ratio was calculated with n = 8 for each site. 
 
Microbial Respiration 
 We record DOC and DO utilization and DIC production to assess changes in 
microbial respiration.  Table 3 shows the effects of inorganic nutrient addition on microbial 
respiration during the 21-day incubation experiments.  We reported a summarization of the 
data using p-values to determine significance (grayed boxes) between control and nutrient 
addition samples.  More detailed information can be found in the S.I. (Tables 2, 3, and 4). 
With +P addition, we observed an increase in DOC consumption at one site (F3).  We 
observed an increase in DOC consumption only at site AG4 with +N+P addition.  Cell 
lysis/exudation in the batch cultures may have caused statistically significant consumption of 
DOC between the control and nutrient addition samples at two other sites (AG1 and AG2 
+N+P).    
 We observed a statistically significant increase in DO utilization at site F3 following 
phosphorus addition.  With +N+P addition, we observed significant increases in DO 
consumption at four of the six sites (Table 3).  In the +P analysis, we observed significantly 
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increased DIC production at site AG4.  We observed significantly increased DIC production 
at sites F1 and F2 following +N+P additions (Table 3).  
 
Table 3.  A summary of the metrics used to assess the effects of nutrient addition on microbial 
respiration.  P values are listed for each treatment type.  Grayed boxes indicate a significant 
difference between the control and nutrient addition samples. 
Site DOC Utilization DO Utilization DIC Production 
Year +P +N+P +P +N+P +P +N+P 
F1 0.31 0.19 0.11 0.01 0.38 0.01 
F2 0.46 0.19 0.21 0.14 0.09 0.02 
F3 0.04 0.2 0.02 0.17 0.15 0.21 
AG1 0.22 0.05 0.25 0.02 0.25 0.32 
AG2 0.48 0.03 0.15 0.08 0.49 0.14 
AG4 0.25 0.03 0.25 0.04 0.01 0.14 
 
Bacterial Growth Efficiency and Carbon Production 
 Bacterial growth efficiency provides an indication of the fate of organic carbon 
during microbial respiration.  BGE was extremely variable in this study and did not seem to 
be controlled by inorganic nutrient addition (Figure 1).  Statistical analyses show that there 
was not a significant difference in BGE between the treatment types.  BGE values ranged 
between 3.3 and 45.5% for the entire study period.  We reported all BGE values in the S.I. 
(Table 5).  BGE ranged from 5.1 to 45.5% in the forested sites (F1-F3) during +P treatments, 
while the agricultural sites (AG1-AG4) ranged from 6.7-19.7%.  In the +N+P treatments, 
BGE values ranged from 6.9-40.6% at the forested sites and 3.3-15.1% at the agricultural 
sites.  BGE was significantly higher (p < 0.001) at the forested sites for both treatment types.  
We did observe a significant increase in BGE at site F1 with +N+P addition, although this 
trend was not observed at any of the other sites during the study period.  Increased BGE at 
three other sites (AG1 +P and +N+P, and AG2 +P) were close to significant with nutrient 
addition.   
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Figure 1.  Mean bacterial growth efficiency during the 21-day batch culture experiment for 
each treatment.  BGE is reported as a % for each treatment type.  Means are indicated by the 
black lines.  The ends of each box represent the 90th percentile of all data.  Whiskers show 
the extent of the data set for each treatment type.  Outliers are recorded as black dots. 
 
 The carbon production data is an estimate of how much organic material microbial 
communities could assimilate based on the available nutrients for each sampling day.  Figure 
2, depicts two data sets that were measured throughout the course of the study.   At this time, 
we will focus on the carbon production data (left). Bacterial production was variable between 
the +P and +N+P treatments.  +P addition caused a slight increase in bacterial production, 
while the addition of nitrogen and phosphorous showed a significantly greater increase than 
+P alone.  This indicates that nitrogen availability plays a critical role in controlling bacterial 
production. 
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Figure 2.  Organic carbon production and DIC production by treatment type for the 21 day 
batch culture experiment.  Carbon production is reported in µg C L-1.  Notice the change in 
the y-axis between carbon production (left) and DIC production (right).  Means are indicated 
by the black lines.  The ends of each box represent the 90th percentile of all data.  Whiskers 
show the extent of the data set for each treatment type.  Outliers are recorded as black dots. 
 
Fate of organic carbon 
 We analyzed total carbon production and total DIC production over the course 
of the 21-day batch culture experiments for both +P and +N+P to determine the fate of the 
available DOC (Figure 2).  Figure 2 compares the amount of carbon stored as biomass (left) 
to the amount of carbon respired as CO2 (right).  Notice the change in the y-axis between 
each figure.  While we observed increased carbon production with +N+P treatments as 
discussed above, DIC production was not significantly affected by either treatment type.  
During both treatment types, it is apparent that much of the carbon utilized by microbial 
communities is lost during respiration. 
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Discussion 
 As we revisit the study goals outlined at the beginning of the paper, we can provide a 
better understanding of how inorganic nutrient addition influences microbial activity in 
headwater streams.  Increased utilization of DOC and DO and the production of DIC with 
+N+P addition at most sites indicated that microbial communities in these streams are limited 
or co-limited by nitrogen and/or phosphorus.  Since we did not observe broad increases in 
microbial respiration with +P addition, nitrogen is necessary for this process to occur at these 
stream sites. 
Watershed Summary 
 It was initially thought that nutrient additions might increase the rate of microbial 
respiration and therefore speed up the process of breaking down more recalcitrant organic 
material.  Based on the FI, we did not observe an increase in the breakdown of this complex 
organic material with increased microbial respiration.  While the FI indicated more 
allocthonous DOC sources (~1.3) for the forest sites and more autochthonous DOC sources 
(~1.6) for the agricultural sites at the onset of experimentation, we did not observe significant 
changes between the initial and final organic carbon composition. 
Biolability did not significantly increase with the addition of inorganic nutrients 
(Table 2).  We generally observed lower biolability values in this study, although there were 
a few exceptions (+P- AG1, AG4; +N+P-F2).  The lower biolability values (0-20%), paired 
with little change in the FI suggests that there is a small pool of labile DOC at both the 
forested and agricultural sites that is being recycled on a rapid basis.  In the exceptional cases 
above, we observed a much larger range in biolability (20-58%), suggesting that some 
landscapes may export more available DOC during specific events or seasons.  While 
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streams were sampled during baseflow, prior storm events may have influenced the quality or 
quantity of DOC.  There is likely to be a seasonal influence on this data set as well, with 
more organic matter being available to microbial communities after leaf drop in the fall.  The 
ranges observed in biolability (0-58.8%) are likely due to the diversity of land use inputs and 
fall within the range of other studies conducted in the Lehigh River Watershed (6.02-
16.25%) (Mason et al, unpublished); White Clay Creek (25%) (Volk et al, 2007); tropical 
streams (22%); and temperate stream (42%) (Kim et al, 2006).  
Increased microbial respiration 
 Microbial respiration plays a critical role in controlling energy flow within a small 
stream.  We defined increased microbial respiration by indentifying significant changes in 
DOC and DO utilization and/or DIC production.  We found that +N+P treatments 
significantly increased microbial respiration more often than +P treatments.  During +P 
additions, we observed increased microbial respiration at site F3.  With +N+P addition, we 
observed increased microbial respiration at 5 sites (all except F3).  This was evident based on 
the utilization of DOC and DO, and the production of DIC (Table 3).  Site F2 was sampled in 
August of each year and differences could be due to changes in precipitation.  It is also 
possible that microbial communities were storing nutrients during the +N+P treatment, rather 
than utilizing them on an immediate basis (Vadstein et al, 1988; Gude, 1989; Jurgens and 
Gude, 1990).  The other forested sites (F1 and F2) showed increased microbial respiration 
with +N+P addition.  We also observed increased DIC production at both of these sites.  
Although not presented in this paper, figures show that DIC production increased rapidly 
during the first few sampling days (+N+P treatment) for F1 and F2 and then began to level 
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off.  This suggests that F1 and F2 are limiting in nitrogen, while F3 may be limited more by 
the availability of phosphorous or labile carbon. 
 The agricultural sites (AG1-AG4) responded significantly to +N+P addition.  We 
observed increased use of DO, but did not observe a significant increase in DIC production.  
This is interesting, as it may be an indication that nutrient addition does not increase CO2 
outgassing in lotic ecosystems.  A recent study has shown that small headwater streams are 
understudied in terms of CO2 export (Butman and Raymond, 2011).  The data presented here 
suggests that microbial communities in these streams are nutrient limited and utilize much of 
their energy in maintaining their biomass.  The agricultural sites were predominantly 
sampled during the fall and winter months and are in close proximity to active crop fields.  
As we tried to keep sampling consistent between years, it is unknown if there are seasonal 
effects at these sites that might be related to agricultural fertilization. 
  A clear trend for the effects of nutrient addition on microbial respiration based 
on land use (F or AG) was not observed.  We expected nutrient additions to have a 
significant effect on the forested sites as prior data (Belmont, unpblsh) suggested these sites 
would be limiting in both phosphorous and nitrogen.  We did not expect to see significant 
increases in microbial respiration at the agricultural sites (AG1-AG4), since agricultural 
practices typically apply significant amounts of nutrients to the landscape.  The AG sites 
were typically sampled during the non-growing season and microbial communities may have 
been limited due to a lack of crop fertilization.  At most of the study sites we observed a clear 
increase in microbial respiration with the addition of both nitrogen and phosphorous.  The 
lack of significant consumption of DOC lends support to the idea of a rapidly cycling pool of 
organic matter in most aquatic environments.  
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Increased BGE and carbon production 
Bacterial growth efficiency can be used to determine whether microbial communities 
are incorporating DOC into biomass or respiring it to the atmosphere.  High efficiency values 
indicate that microbial communities are utilizing carbon for biomass, while lower values 
indicate that indicate that microbial communities are releasing carbon through respiration.  In 
this study, we did not observe significant differences between the nutrient addition treatments 
and the control samples. BGE values at the forested sites were significantly higher than 
values obtained at the agricultural sites for both treatment types (p values: +P- 0.02, +N+P- 
<0.01).  Based on the data, is likely that much of the organic material in the forested streams 
is recalcitrant.  At the agricultural sites we observed lower BGE values. The data shows that 
DOC at these sites is autochthonous in nature.  The range of BGE values observed in this 
study are in line with values reported for streams and rivers (del Giorgio and Cole, 1998).  
The wide range of BGE values suggests that something other than inorganic nutrient addition 
is controlling carbon production.  Berggren et al (2007), found BGE values ranging from 10 
to 40% in boreal streams in Sweden.  Much like this study, they also observed increased 
BGE with increasing forest cover.  In a study of 20 lakes in Canada, Smith and Prairie (2004) 
found that BGE (6.7 to 51.6%) was strongly correlated to phosphorous concentration.  Based 
on the literature, the controls on BGE are highly variable and are dependent on factors related 
to a specific study area. 
 The carbon production data (Figure 2; left) indicates that most sites are limited by the 
amount of available nutrients.  Available nutrient concentrations play a significant role in 
controlling carbon production as we observe differences between control and nutrient 
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addition samples.  Microbial communities at these sites may not be reaching their full 
potential in terms of biomass.  This could limit organisms higher in the food chain.     
 
Conclusions 
 The data reported in this study, show that nutrient addition does increase microbial 
respiration at most of the study sites.  The addition of both nitrogen and phosphorous resulted 
in more instances of increased microbial respiration than phosphorous addition alone.  BGE 
was not regulated by the addition of nutrients and was dependent on land use type.  Forested 
sites contained higher BGE values than agricultural sites.  Carbon production increased with 
both treatment types.  The +N+P treatment had the highest carbon production values. 
 
Implications and Final Comments  
  Headwater streams are important to study as they represent the interface between 
terrestrial and aquatic environments.  While we conducted this experiment in a laboratory 
setting, we showed that DOC is more likely to be respired than incorporated as biomass in 
stream microbial communities.  Nutrient addition increased microbial respiration and carbon 
production, but consumption of carbon was extremely small compared to the amount 
respired.  In regards to higher trophic levels, increased nutrient addition should lead to 
increased microbial biomass even if BGE stays low.  The presence of leaf litter (F sites) is 
important to the energy demands of microbial communities as we observed increased BGE in 
the forested stream samples.   
 At many of the study sites, nitrogen played an equal or greater role than phosphorous, 
or was at least necessary to increase respiration.  It is likely that factors such as weather, soil 
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properties, and land use play a significant role in controlling the export of available organic 
nutrients.  The data suggests that microbial communities are utilizing a small, but rapidly 
recycling pool of organic matter to sustain metabolic activity.   
 The use of batch cultures allowed us to study changes in DOC, BGE, and microbial 
respiration across a defined temporal scale.  Batch cultures utilize natural microbial 
communities, but they do not allow for the complex interactions found in most natural 
biofilms that populate streams and rivers.  These cultures also suffer from “container effect”, 
which leads to the isolation and use of available resources without constant replenishment.  
Further studies are needed to assess the effects of nutrient addition on BGE and carbon 
production in headwater streams.  The study of headwater stream sites is important, as these 
locations will help to answer questions regarding the critical interface between an aquatic 
system and the surrounding terrestrial landscape. 
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CHAPTER 2 
 
Controls on ∆ 14C and biolability in headwater catchments with varying land use 
 
Abstract 
 Recent studies indicate that some large streams and rivers transport aged organic 
matter to the oceans.  Whereas this old material can be attributed to the mining of 
sequestered carbon in agricultural watersheds, it is less clear as to the precise source of the 
organic carbon or whether it is also sourced from natural or forested watersheds. This could 
have significant implications on the biolability of DOC and POC, the ecological processes in 
fluvial systems, and its role in the global climate cycle. Here we study the age of DOC and 
POC from three small (~30 km2) headwater catchments of agricultural, once-logged forested, 
and old-growth forested land use types to better understand the source, age, availability, and 
processes that control the export of carbon downstream to larger river systems.  Over a year-
long watershed monitoring program, we captured POC and DOC at base level and through 
three seasonal storm events.  Additionally, we sampled POC and DOC in the upper 30 cm of 
a soil catena in each watershed.  Results indicate that POC and DOC age is independent of 
land use and all watersheds are capable of exporting old carbon at some point during the 
yearly observation. However, POC age appears to co-vary with season and discharge and the 
biolability of DOC is dependent on land use and season.  B horizons are found to contain 
significantly more labile organic carbon than the overlying O/A or E horizons.  
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Introduction 
 The transport and availability of organic carbon in fluvial systems is important to our 
understanding of aquatic ecosystem function and its role in the global carbon cycle.  Organic 
carbon is operationally defined as dissolved (DOC) or particulate (POC).  Both POC and 
DOC act as an energy source to aquatic organisms and studies show that streams and rivers 
globally transport on average ~0.25 Pg of DOC (Battin, 2008) and ~0.18 Pg of POC 
(Cauwet, 2002) annually.  The age of this organic carbon in large rivers has generated 
considerable debate (Raymond and Bayer, 2001).  It is known that the age of DOC in the 
oceans is old (Bauer et al, 1992 and Druffel et al, 1992), and that large rivers can supply a 
portion of this aged material (Blair et al., 2003; Dickens et al., 2004; Goñi et al., 1997; Hood 
et al., 2009; Masiello and Druffel, 2001; Raymond and Bauer, 2001b; Sickman et al., 2010; 
Striegl et al., 2007).  It should be noted that large river systems tend to be dominated by a 
number of factors (autochthonous production, sewage treatment, human activities, and 
multiple land uses) that influence organic matter age.  All of these can obscure the natural 
signal from contributing watersheds.   A study of headwater streams can focus on the natural 
inputs of exported organic carbon without the biases caused by anthropogenic influences.  
Much of this organic carbon (~1500 Pg) in headwater catchments is stored in the 
upper meter of the soil profile (Jobbagy and Jackson, 2000).  It has been shown that soil 
organic matter (SOM) is the dominant organic carbon input to headwater streams (Raymond 
and Bauer, 2001a; Meybeck, 1993).  Studies have begun to assess the influence of land use 
land change (LULC) on the age of this SOM and its contribution to DOC and POC in rivers 
and streams systems.  Longworth et al (2007) showed a lithologic and land use influence the 
age of carbon in streams and rivers. Similarly, Sickman et al (2010) showed that 
agriculturally dominated landscapes exported the oldest carbon to river systems in California.  
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It is generally accepted that agricultural areas tend to export old carbon by tilling practices 
that mine deeply sequestered SOM in lower soil horizons.  It has also been noted that rainfall 
and watershed hydrology contributes to variable DOC and POC age, particularly during 
storm events (Avery et al., 2006; Raymond, 2005).   
The bioavailability of exported DOC is not well understood due to its complex 
assemblage of labile and recalcitrant components.   For example, in soils, 10-40% of soil 
organic matter can be labile and annual inputs of leaf litter provide an additional, fresh source 
of labile DOC (Kalbitz et al, 2000; Gunderson et al, 1998). Furthermore, the bioavailability 
of DOC can change during storm events as water is sourced from different locations within 
the watershed (Hood et al, 2006; 2009).  These and similar studies conclude that land use 
influences the availability of DOC as an energy source to microbial communities.   
Collectively, these aforementioned studies suggest that the processes that control the 
export and biogeochemical impact of DOC and POC in the fluvial environment can be 
inferred from its age and biolability.  In headwater streams, few studies have concentrated on 
the geomorphic and hydrologic processes that link the release of SOM as POC and DOC 
(Battin, 2008).  Here we aim to span the soil to channel interface by studying three small 
headwater catchments with specific land use types to better understand natural contributions 
to organic carbon age, lability, and the processes that control the export of this material to 
larger river systems.  This study was designed to assess the role of land use/land cover 
(LULC) and hydrology in controlling the export, age, and availability of organic carbon from 
headwater streams. 
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Methods 
 We selected three headwater stream sites with land use types of old growth forest 
(OGF), once logged forest (OLF), and agricultural area (AG) for this study.  These sites are 
located in Huntingdon County, PA, are less than ~30 km2 in area, and are underlain by 
Devonian shale.  The watersheds were instrumented with stream stage recorders and 
automated ISCO water samplers from May, 2011 through May, 2012.  Each stream was 
sampled during the course of three storms events in September, 2011 (summer), November, 
2011 (fall), and March, 2012 (spring).  Soil samples were collected along a slope-parallel 
catena during the summer (June, 2012).    The annual discharge hydrographs for each 
watershed can be found in the Appendix.  All storm events resulted from at least 1.3 cm of 
rain falling during a 24-hour period.  This time frame provided the best opportunity to sample 
through the rising limb, peak, and falling limb of the discharge hydrograph.  The percentage 
of annual discharge for each storm and site is reported in Table 4.  It is important to note that 
Pennsylvania had an uncharacteristically dry and warm winter in 2011-12.   
Table 4.  Total discharge for each storm event as a percentage of the annual discharge for 
each land use type. 
% of Annual Discharge Land Use 
Type Storm 1 Storm 2 Storm 3 
OGF 0.27 0.30 0.26 
OLF 0.28 0.34 0.29 
AG 0.27 0.29 0.27 
 
 We processed 51 samples (30 stream and 21 soil horizon) for carbon isotope analysis.  
We restricted our soil sampling primarily to depths of 25-30 cm, following slope-parallel 
catenas.  In all sampling cases this depth penetrated into the top of the B-horizon.  Our 
watersheds are all located south of the glacial boundary and are mantled with several 
generations of residual and colluvial soils.  On hillslopes these soils are well drained and 
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feature reddish-brown, oxidized B-horizons and relatively thin A, E, and/or O horizons.   In 
valley bottoms, these soils are poorly-drained and feature thicker, organic-rich A and O 
horizons.  
Storm Sampling 
 Storm events were sampled through the use of automated ISCO samplers that were 
triggered by rain gauges (minimum rate of 0.08 cm/15 min).  Storm event samples were 
collected at the start of the storm (baseflow) and then according to a set program in hours (1, 
2, 4, 5, 9, 16, 24) after the start of sampling.  Samples were filtered on site within 12 hours of 
collection through Millipore quartz fiber filters and stored on ice in the dark.  Replicate filters 
were frozen for carbon isotope analysis.  Care was taken to avoid 14C contamination.  Filtrate 
was stored in 125 mL polycarbonate bottles (carbon isotope analysis), 40 mL glass vials 
(DOC), and 300 mL BOD bottles (biolability).  The 125 mL bottles were frozen until ready 
for carbon isotope analysis (described below).  All glassware was acid washed and muffled at 
450 ºC prior to use.  Polycarbonate bottles were stored with 1% phosphoric acid solution 
prior to use. 
Modeled Discharge 
 Paired level loggers were deployed for 1 year in the channel of each watershed 
starting in May of 2011 to measure stream stage.  The loggers were stationed as close to or 
underneath bridges so that cross-sectional area remained constant and could be easily 
converted to discharge via a rating curve.  Cross sectional area and channel slope was 
surveyed using a Topcon Total Station (Rantz et al, 1982).  Discharge was modeled as the 
product of channel cross sectional area and flow velocity obtained from the Manning 
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Equation, using a roughness of 0.04.  These modeled discharges are minima recognizing that 
the water surface slope is steeper than the channel slope during storm flows.   
Soil Sampling 
 Soil samples were collected in each watershed in June of 2012 along a slope-parallel 
catena.  Since these are small watersheds, the channel rapidly grades into the adjacent 
hillslope with little intervening flat floodplains.  Samples were collected at the hillslope toe 
(low) next to the stream, a mid-slope elevation (mid), and at the top of the slope at the 
drainage divide (high).  Soil horizons were identified and samples were collected in 500 mL 
pre-muffled (450 ºC) glass flasks from 30-cm deep pits.  Samples were taken from the mid-
point of each O/A or B horizon to assess organic carbon age and DOC biolability.   Upon 
returning to the lab, a volume of 400 mL of DI water was added to each sample for a period 
of 24 hrs and the extractable DOC was removed by filtering through Millipore quartz fiber 
filters.  These samples were processed and stored in a manner similar to above (stream 
samples).   
Carbon Isotopes  
  14C and 13C isotopes of DOC were isolated by high-energy UV irradiation (2400 W) 
on 100 mL of sample (Bauer et al., 1992; Raymond and Bauer, 2000).  Samples were 
acidified to pH 2.5 with phosphoric acid and sparged with ultra-high purity nitrogen gas for 
15 min to remove inorganic carbon.  Samples were then saturated with ultra-high purity 
oxygen gas and irradiated with a medium pressure mercury arc UV lamp (Canrad-Hanovia, 
Newark, NJ) for 6 h.  The CO2 generated from DOC oxidation was purified and collected on 
a vacuum extraction line.  Carbon isotopes were analyzed at the University of Arizona AMS 
lab following the methods of Burr and Jull (2010). 
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 POC samples for 14C and 13C were prepared at Lehigh University.  Quartz fiber filters 
were thawed and dried for 24 hours in a 60 ºF oven.  Samples were placed into quartz tubes, 
sealed under vacuum, and combusted at 800 ºC with 1 gram of CuO for at least 2 hours 
(Sofer, 1980 and Druffel et al, 1992).  CO2 samples were analyzed in a manner similar to 
above at the University of Arizona AMS lab.   
 The fraction modern (14C) of each organic carbon sample was converted to ∆ 14C. 
Replicate samples were analyzed where possible.   
Biolability  
DOC biolability was assessed during a 20 (soil horizons) or 60 (stream) day 
incubation period using Equation 1 by measuring the initial and final DOC concentrations 
(mg/L) in a manner similar to Butman and Raymond (2007). 
Biolability = (Initial/(Initial - Final))*100 (1) 
Samples were stored in replicate 300 mL glass BOD bottles in the dark after filtration 
through quartz fiber filters.  Extractable DOC for the soil samples was inoculated with 200 
µL of whole stream water from each site.  DOC was measured using an automated Shimadzu 
TOC/TN VCPh analyzer following the methods of Sharp (1993). 
 
Results 
 Results depict stream and soil DOC and POC ages and biolability that vary as a 
function of season, LULC, and storm discharge.  Statistical significance was determined with 
a 95% confidence interval.  Specific analyses are reported with p values in the sections 
below.  We report ∆ 14C values for stream and soil measurements first and then follow with 
DOC biolability data in the stream and soil samples.  The stream data are pooled by 
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characteristic, as shown below, and are an accumulation of all points collected during the 
three sampled storms.  Additionally, the soil data are pooled by hillslope location and horizon 
to assess significant controls on biolability.  While not discussed below, ∆ 13C values for the 
stream samples are reported in the appendix. 
 Figure 3 depicts the ∆ 14C of OM in all watersheds during baseflow and peak 
discharge.  DOC values (-108.9 - 85.4‰) indicate a predominately young pool of organic 
carbon, although we do observe the export of older (∆ 14C > -95‰) material in 2 samples.  
We did not observe a significant difference between the age of DOC transported during 
baseflow and peak discharge (t-test, p = 0.39).  Watersheds exported significantly older POC 
(Fig 3) compared to the export of DOC (t-test, p < .001).  Average ∆ 14C for DOC was 
16.8‰, while the average ∆ 14C for POC was -156.6‰.  Older POC was exported during 
baseflow as a pose to organic carbon transported during peak discharge (t-test, p = 0.02).    
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Figure 3. ∆ 14C of (a) DOC and (b) POC samples during baseflow and peak discharge.  
Notice the difference in scale on the y-axis.  
  
 Figure 4 shows the effects of LULC on the export of OM in each watershed.  We 
observe the export of generally young DOC from the OGF site, while the OLF and AG sites 
exported dissolved organic carbon that ranged in ∆ 14C (-108.9 - 76.5‰).   There was no 
significant difference in the age of DOC exported during storm events based on land use 
(ANOVA, p = 0.29).  POC ages varied substantially from post bomb to ∆ 14C -475.5 ‰.  
LULC did not significantly control the export of aged POC (ANOVA, p = 0.36).  It should 
be noted that the AG site exported the oldest POC when compared to the two forested sites 
(Fig 4). 
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Figure 4. ∆ 14C of DOC and POC based on LULC.  Notice the difference in scale on the y-
axis. OGF = old growth forest, OLF = once logged forest, and AG = agricultural.   
 
 Since there was not a significant difference in discharge between the summer and 
spring storm (Table 4; t-test, p = 0.5), we wanted to provide an understanding of seasonal 
influences on the export of aged OM.  It should be noted that we observed a period of little 
precipitation (appendix) at our study sites prior to the onset of the summer storm.  
Throughout the fall and winter, we observed more consistent precipitation.  Figure 3 depicts 
a seasonal influence on the age of OM export.  While, older (-97 to -108‰) DOC was 
exported during the spring storm, we did not observe a significant difference between the 
summer and spring storm in regards to the export of aged DOC (t-test, p = 0.12).    We did 
observe the export of the oldest POC (Fig 5) during the summer storm.  This OM was 
significantly older than the POC exported during the spring storm (t-test, p < 0.01).  POC 
exported during the spring storm was predominately post-bomb in age.   
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Figure 5. ∆ 14C of DOC and POC samples during baseflow and peak discharge.  Notice the 
difference in scale on the y-axis.  
 
 Since we observed the export of aged OM in the fluvial system, we expected to find 
aged material in the soil horizons as researchers have determined a flushing effect in 
watersheds during storm events (Boyer et al, 1997 and Hood et al, 2009).  We reported the ∆ 
14C values of OM fractions in specific soil horizons in Table 5.  Data show that the age of 
OM in the soil horizons was younger than material transported during storm events (t-test, p 
< 0.01). 
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Table 5.  Isotope and DOC concentration (mg/L) data for soil samples.  Land use types are 
designated as follows: OGF = Old Growth Forest, OLF = Once Logged Forest, and AG = 
Agricultural Area.  Analysis type, soil horizon, and soil catena elevation within each 
watershed are reported.   
Land 
Use 
Type 
Horizon Elevation Analysis Type ∆ 
14C ‰ ∆ 13C ‰ DOC (mg/L) 
POC 0.3 -26.0   
Low 
DOC 125.5 -26.0 1.8 
POC -1.6 -27.3   
Mid 
DOC 214.9 -26.3 2.3 
POC 12.8 -25.3   
OGF 
 
B 
 
High 
DOC 155.3 -26.4 2.7 
POC 4.2 -27.1   
E Low 
DOC 133.3 -27.0 9.1 
B Low POC -16.5 -26.1   
O/A Low POC -4.9 -26.8   
Low DOC -17.4 -26.5 3.9 
POC 30.0 -24.1   
Mid 
DOC 495.7 -26.7 1.2 
POC 50.9 -25.0   
OLF 
 
B 
 
High 
DOC 179.1 -25.0 3.2 
POC 101.2 -25.5   
Mixed Low 
DOC 175.2 -25.6 1.0 
POC 20.2 -24.9   
Mid 
DOC 142.7 -26.9 2.7 
POC 51.6 -25.3   
AG 
 
B 
High 
DOC 70.9 -25.2 7.0 
  
 The availability of DOC transported during storm events can influence microbial 
communities and plays a role in downstream cycling of carbon (Battin, 2009).  Figure 6 
depicts the effects of land use and season on the biolability of stream samples.  We report 
biolability as a range of values throughout the 24-hour sampling period for each storm event.  
If we first compare differences between storm events using one-way ANOVA analysis, there 
was no statistical difference in biolability based on LULC for the summer storm (Fig 6. white 
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boxes; p = 0.42).  Similarly, during the fall storm (Fig 6. slashed boxes) we did not observe a 
significant difference in the export of bioavailable DOC between different land use types (p = 
0.09).  However, the forested sites (OGF and OLF) showed increased DOC biolability during 
the spring storm when compared to the AG site (Fig 4. black boxes; p < 0.01).   
 Next we can look at seasonal influences on biolability at each study site.  Again, we 
used a one-way ANOVA analysis to compare seasonal changes in biolability.  At the OGF 
site, we observed an increase in biolability during the spring storm (spring; p < 0.01).  There 
was no significant difference in the bioavailability of DOC between storms at the OLF site (p 
= 0.28).  It should be noted that the removal of the exceptionally high value (76%) we report 
for the OLF fall storm does not change the significance of the seasonal availability of DOC at 
this site (p = 0.12).  At the AG site the spring storm had the lowest biolability values when 
compared to the summer and winter storms (p < 0.01)  
 
Figure 6.  Biolabilty ranges within each watershed and storm event.   Land use types are 
designated as follows: OGF = Old Growth Forest, OLF = Once Logged Forest, and AG = 
Agricultural Area.  Storms were sampled during the summer (white boxes), fall (slashed 
boxes), and spring (black boxes). 
 
 In an effort to provide insight into OM contained in the soils of our study watersheds 
we wanted to determine the effects of land use, soil horizon, and hillslope position on the 
bioavailability of DOC.  These results are presented in Figure 7.  Differences in land use did 
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not control extractable DOC biolability (p = 0.17).  There was not a significant difference in 
DOC biolability based on catena sampling location (p = 0.42).  Soil horizons (O/A, B, and E) 
did control the availability of DOC (p = 0.02).  Biolability was highest in the B horizon and 
tended to be lower in the O/A horizons.  The E horizon is a single value as we only found 
one horizon of this type during our sampling. 
 
Figure 7. a) The range of biolability values for soil horizons within each watershed.  b) The 
range of biolability values for each catena location. c) The range in biolability values for each 
horizon type.  Land use types are designated as follows: OGF = Old Growth Forest, OLF = 
Once Logged Forest, and AG = Agricultural Area. 
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Discussion 
 Our findings suggest that the age of organic carbon is variable in headwater streams 
with the upper 30 cm of soils generally contributing very young (< 70 yrs BP) organic 
carbon.  Biolability in the stream samples was influenced seasonally, while soil biolability 
was controlled by horizon type.  LULC does not exert a measureable control on the export of 
aged OM. 
The age of OM in watersheds 
 The age of DOC in stream water is young (< 70 yrs), a somewhat unexpected finding 
given the amount of organic carbon sequestered in soils and biota of forested ecosystems.  
Each watershed yielded at least one sample indicating an aged source of DOC.  Older DOC 
has been found in rainwater (Avery et al., 2006; Raymond, 2005) and we speculate that 
stream water flushed during storm events interacts with an older, buried source of organic 
matter.  ∆ 13C values for the stream samples (Appendix) are similar to values obtained during 
soil carbon analysis.  This suggests that the bulk of DOC exported during storm events is 
terrestrial in nature, rather than through autochthonous production.  It is possible that older 
DOC is being sourced from SOM, but its presence is masked by a readily available, young 
pool of organic carbon.  Alternatively, older DOC could preferentially adsorb to soils 
(Butman and Raymond, 2007) and not be released during soil pore water flow.   
 In contrast, the age of POC was significantly older than DOC and its export was 
controlled by discharge and season.  Older POC was transported during baseflow as opposed 
to that found during peak discharge.  This contrasts with what has been found in a small 
mountainous river and suggests that increases in discharge allow the recruitment of a 
younger POC pool (Masiello and Druffel, 2001).  Additionally, we observed the export of 
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older material during the summer storm in comparison to the spring storm.  One possibility 
that explains this difference is that the range of POC ages simply indicate the natural 
variability of easily recruitable POC in these watersheds.  This process should be 
independent of season or flow conditions and predicts an average residence time of 1.4 Ka (∆ 
14C -158‰) for all of our POC samples.  The other possibility is that the observed older POC 
ages in the summer storm are exported on a continual basis.  In the spring we do not observe 
the transport of this older POC as the radiocarbon signal is dominated by a flushing of young, 
allochthonous inputs from leaf litter.  
 While land use did not control the export of aged POC, the oldest samples were 
retrieved from the AG site.  This is consistent with a number of other studies that have shown 
the export of aged POC from agricultural watersheds (Raymond and Bauer, 2001; Sickman et 
al, 2010) and indicates that the disruption of soils due to farming practices may mine POC 
from buried soil horizons.   
 Based on the data we observe in the stream samples, we expected to find an older 
source of OM in the soils as prior studies have shown that soil pore water is flushed during 
storm events (O'Green et al, 2010; Boyer et al, 1997; Hood et al, 2009).  The age of DOC and 
POC in the upper 30 cm of our soils is all very young (< 100 yrs BP) except for two samples 
in the OGF.  Post-bomb carbon in the upper 30 cm of the soil suggests a rapidly recycling 
pool of organic carbon.  Much of this new carbon could be leftover from the “sloppy 
feeding” of microbial communities in the soil or from root exudates (Baines and Pace, 1991; 
Neff and Asner, 2001).  Based on the data, the bulk of OM inputs to stream water from soil 
pore water are likely to be post-bomb in nature. 
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 We observed a range of ∆ 14C values, which predicts that inputs to larger river 
systems should be variable.  While we determined that land use does not control the export of 
aged OM to larger rivers, it seems likely that older POC is transported on a regular basis, but 
may be swamped by readily available young sources.  This is supported by the data showing 
that POC ages during baseflow are significantly older than material transported during storm 
events. 
DOC Biolability 
 DOC lability ranged between 0 and 55% in our headwater streams during storm 
events.  These values are consistent with other studies in rivers and temperate streams (Kim 
et al, 2006; Volk et al, 2007).  We did not observe a significant change in biolability between 
watersheds for the summer and fall storms.  During the spring storm, DOC biolability was 
significantly higher in the forested (OGF and OLF) compared to the AG site.  This highlights 
the importance of leaf litter as a source of available organic carbon (Meyer et al, 1998; 
Cleveland et al, 2004).  The lack of leaf litter at the AG site during the spring storm is 
indicative of the lower biolability values.   
  Soil biolability was extremely variable in the three study watersheds.  It should be 
noted that since the soils were sampled in the summer, it is likely that tree roots were exuding 
DOC into the soils (Neff and Asner, 2001).  Land use and hill slope sampling location did 
not control biolability in the soil samples.  Differences in biolability between soil horizons 
were significant, with the B-horizon containing more available DOC than the O/A or E 
horizons.  This suggests that B-horizons store or trap DOC that is not available to soil 
microbial communities.  Much of this material likely leaches from the O/A horizon. 
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  In our study sites, the availability of DOC that is exported to larger rivers can 
vary by season.  Leaf drop provides an important source of "new" available OM to 
microorganisms.  It would seem that soil pore water in the B-horizons should leach more 
available DOC than other types of soil horizons.  The range of biolability values suggests a 
complex mixture of DOC can be passed downstream.  It has been shown that microbial 
communities preferentially removed younger DOC in larger river systems (Raymond and 
Bauer, 2001b).  
 
Conclusions 
 The goal of this study was to provide a clearer understanding of the relationship 
between the age and lability of organic carbon entering large river systems.  We have shown 
that for small headwater catchments, the age of DOC is not controlled by discharge, season, 
or land use.  On the hand, POC has been shown to be controlled by season and flow regime.  
The data suggests that an older background level of POC may exist on a continual basis, but 
becomes swamped with younger carbon during the non-growing season.  Stream and soil 
biolability are variable in nature with stream biolability being heavily dependent on leaf drop 
in the fall, whereas soil biolability is highest in the B horizons.   
 Future studies should focus on providing a better understanding of the age and lability 
of soils buried in the landscape and how OM from these horizons is mobilized during storm 
events. 
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CHAPTER 3 
 
Studying DOC export in headwater catchments: Storm events, spectral properties, and 
biolability 
 
Abstract 
 The export of dissolved organic carbon (DOC) from the terrestrial landscapes during 
storm events has important implications for carbon cycling in headwater streams.  Storm 
events transport significant amounts of organic carbon, some of which is biolabile, for 
microbial communities.  We studied the export of DOC from three headwater catchments 
during seasonal storm events to assess its quality and biolability.  Spectral properties of 
CDOM and FDOM were utilized to assess DOC quality.  Excitation emission matrices were 
generated to determine how specific components changed throughout the course of a storm 
event.  Here, we propose a method to determine ecological changes to specific fluorescence 
components.  Additionally we introduce a novel fluorescence peak that is associated with leaf 
litter decomposition.  Our results suggests that the A and C components dominate the 
fluorescence spectra regardless of season.  Fluorescence intensity of all peak regions increase 
with discharge.  SUVA254 increases in all catchments with increasing discharge.  Biolability 
decreases with discharge in the forested catchments.  We observed the greatest increase in all 
study parameters during the fall storm event.   
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Introduction 
 Dissolved organic carbon (DOC) transported from terrestrial landscapes is an 
important source of allochthonous energy to heterotrophic organisms in aquatic ecosystems. 
Soils in terrestrial landscapes are estimated to store 1500 Pg of carbon in the upper meter 
(Jobbagy and Jackson, 2000).  Soil organic carbon has been shown to be the dominant source 
of organic carbon to headwater streams (Raymond and Bauer, 2001b; Meybeck, 1993).  
Headwater streams provide an important transport mechanism of this organic material to 
larger river systems and the ocean.  Prior studies have shown that storm events can contribute 
29-68% (Hinton et al, 1997) of DOC export from terrestrial to aquatic landscapes on a 
seasonal basis and ~86% of DOC export on an annual basis (Raymond and Saiers, 2010).  
Boyer et al (1997) and Hood et al (2006) showed that DOC transport is regulated in part by 
discharge.  While we know that DOC concentration increases with increasing discharge, we 
have little understanding of how land use influences the availability and quality of organic 
carbon exported from headwater catchments.  This is due in part to the complexity of 
studying storm events and the sheer number of headwater stream locations. 
 The quality of organic carbon has important implications for heterotrophic bacteria 
and the aquatic carbon cycle.  DOC presumably can be drawn from various sources during a 
storm event.  During the onset of a storm event, water is typically drawn from riparian zones 
(Hood et al, 2006) while later in a storm water can originate from hillslopes (McGlynn and 
McDonnell, 2003).  Additionally, rainfall or throughfall can not be ignored as a potential 
source of DOC during these discharge events. 
 The spectral properties of DOC can be utilized to provide an understanding of how 
the quality of DOC changes throughout the course of storm events.  It is important to 
differentiate fractions of DOC when discussing the spectral properties.  Colored dissolved 
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organic matter (CDOM) and fluorescent dissolved organic matter (FDOM) can be used to 
determine ecological changes in aquatic ecosystems, but they do not compromise DOC in its 
entirety.  Weishaar et al (2003) showed that the absorbance of CDOM at 254 nm (SUVA254) 
is strongly correlated with aromatic DOC.  Many researchers utilize the fluorescence 
properties of DOC to determine how specific components or common fluorophores change in 
various ecological settings (Hood et al, 2006; Osburn and Stedmon, 2011; Cory and Kaplan; 
2012; and Fellman et al, 2010).  The use of excitation emission matrices (EEMs) allowed us 
to assess changes to the fluorescent fingerprint of DOC during storm events.  We were 
primarily interested in: 1) whether specific components changed throughout the course of a 
storm event or 2) whether specific components changed on a seasonal basis.  Researchers 
have identified specific fluorescent components in freshwater, terrestrial dominated aquatic 
ecosystems (Coble, 1996; Fellman et al, 2010; and Cory and Kaplan, 2012).  Typically, these 
components are isolated using a statistical method called PARAFAC (Stedmon and 
Markager, 2005).  Here, we isolate common components to assess changes to the 
composition of FDOM during storm events. 
 EEMs can be used to assess the quality of organic carbon, which influences its 
biolability (availability).  Few studies have focused on the biolability of DOC during storm 
events.  A study in White Clay Creek showed an increase in the availability of DOC during 
storm events (Kaplan and Newbold, 1995).  Fellman et al (2010) found that DOC biolability 
decreased in an upland site during a storm event, while increasing at a wetland site.  This 
suggests that land use may play an important role in controlling DOC biolability. 
 In this paper, we focus on the quantity and quality of DOC exported from three 
headwater catchments with varying land use.  We explore the hypothesis that disturbed 
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landscapes will export more DOC and that the fluorescent fingerprints (EEMs) of FDOM in 
these watersheds will be different than that of a natural landscape.  We utilized an old growth 
forest (natural), once logged forest (disturbed), and an agricultural area (disturbed) to assess 
changes in DOC quantity and quality.  Seasonal storm events were sampled to provide a 
better understanding of how temporal changes influence the export, spectral properties, and 
the biolability of DOC within our study catchments.  
 
Methods 
 Three headwater streams in Huntingdon County, PA under 30 km2 in size were 
selected with land use types of old growth forest (OGF), once logged forest (OLF), and 
agricultural area (AG).  Each watershed was instrumented with HOBO© level loggers and 
automated ISCO water samplers from May 2011 through May 2012.  We sampled storm 
events at each site in September 2011 (summer), November 2011 (fall), and March 2012 
(spring).  The annual discharge hydrograph for each watershed can be found in the Appendix.  
Sampled storm events resulted from at least 1.3 cm of rainfall during a 24 hour period.  This 
provided the best opportunity to sample through the rising, peak, and falling limb of the 
discharge hydrograph.  
Storm Sampling 
 We used automated ISCO samplers to collect water samples during storm events. 
Rain gauges (minimum of 0.08 cm/15 min) were used to trigger the ISCO samplers.  We 
collected samples at the start of the storm (baseflow) and then according to a set program in 
hours (1, 2, 4, 5, 9, 16, and 24) after the start of sampling.  Samples were filtered on site 
within 12 hours of collection through Millipore quartz fiber filters (0.2 µm) and stored in the 
dark on ice.  Filtrate was stored in 40 mL glass TOC vials for EEM and DOC analysis and 
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300 mL BOD (biological oxygen demand) bottles for biolability analysis.  All glassware was 
ashed at 450 ºC prior to sampling.   
Modeled Discharge 
 We deployed paired level loggers for a year long period starting in May 2011 to 
measure stream stage.  Loggers were stationed close to or underneath bridges so that cross-
sectional area remained constant and could be easily converted to discharge via a rating 
curve.  A Topcon Total Station was used to measure cross sectional area and channel slope 
(Rantz et al, 1982).  The Manning equation (Manning, 1891) was used to model velocity.  
Discharge was calculated as the cross sectional area multiplied by velocity. 
DOC Biolability  
DOC biolability was assessed across a 60 day incubation period using Equation 1 by 
measuring the initial and final DOC concentrations (mg/L) in a manner similar to Butman 
and Raymond (2007).   
Eq 1.   Biolability = (Initial/(Initial - Final))*100 
Stream samples were stored in 300 mL glass BOD bottles in the dark after filtration through 
quartz fiber filters.  DOC was measured using an automated Shimadzu TOC/TN VCPh 
analyzer following the methods of Sharp (1993). 
Excitation Emission Matrix (EEMs) 
 The spectral properties of CDOM and FDOM were analyzed within 48 hours of 
sample collection at room temperature (25 ºC).  Absorbance spectra (800-200 nm) of CDOM 
samples were collected using a 1-cm pathlength in a quartz cuvette on a Shimadzu UV-1601 
Spectrophotometer.  Samples were blank corrected with ultra-pure DI water.  SUVA254 was 
calculated following the methods of Weishaar et al (2003).   
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 EEMs were generated using a Shimadzu PC-5301 spectrofluorometer over an 
excitation and emission range of 240-450 nm by 5 nm intervals and 300-600 nm by 1 nm 
intervals respectively.  An integration time of 0.1 seconds was used.  EEMs were corrected 
for inner filter effects and for instrument specific excitation and emission corrections in 
Matlab (version 7.7).  Ultra-pure DI water was analyzed in a similar manner and subtracted 
from sample EEMs.  Fluorescence intensity in the corrected EEMs is reported in quinine 
sulfate equivalents.   
 We calculated fluorescence intensity for specific peaks that are commonly found in 
the literature.  The regions associated with each peak are shown in Table 6.  Using this 
technique we are able to show how the quality of FDOM changed throughout the course of 
storm events for specific fluorescence components.  We introduced a novel component (L 
peak) that is related to leaf litter decomposition.   
 
Table 6.  Fluorescence characteristics of isolated peaks with primary excitation and emission 
maxima and their likely sources.  The Coble peak nomenclature is used.   
Peak Wavelengths (nm) Description (likely sources) 
B EX: 275         EM: 310 Tyrosine-like FDOM; amino acids, proteins 
T EX: 275         EM: 340 Tryptophan-like FDOM; amino acids, proteins 
A EX: 260     EM: 380-460 Humic-like FDOM; terrestrial DOM 
C EX: 320-360 EM: 420-460 Humic-like FDOM 
M EX: 290-310 EM: 370-410 
Humic-like FDOM; associated with new biological production of humic 
substances from autochthonous sources 
N EX: 280     EM: 370 Phytoplankton; fresh autochthonous 
D EX: 380-425  EM: 510-540 Soil fulvic acid; highly conjugated fresh terrestrial 
L EX: 330-400  EM: 580-600 Related to leaf litter decomposition/throughfall; highly labile 
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Results 
 As a first step, it is important to understand the quantity of DOC exported from small 
watersheds during storm events.  We can then use the spectral properties of CDOM and 
FDOM to provide an understanding of the quality of organic carbon and how it changes 
during these discharge events.  Lastly, we can show how the amount of available DOC 
(biolability) changes throughout the course of the storm events.  Our data indicate that 
seasons and discharge play a critical role in controlling the quality and export of DOC in the 
study watersheds. 
 With much of the DOC being stored in the upper soil horizons, storm events transport 
organic matter from the terrestrial to aquatic environment.  Figure 8 depicts the export of 
DOC in each of the three study catchments by storm event.  DOC export tends to follow the 
discharge hydrograph.  During baseflow, average DOC export was 2.5 ± 0.4, 4.8 ± 2.4, and 
5.9 ± 1.0 kg ha-1 d-1 for the OGF, OLF, and AG sites respectively.  At peak discharge, 
average DOC export was 9.4 ± 6.8, 8.7 ± 4.4, and 13.1 ± 3.8 kg C ha-1 d-1 for the OGF, OLF, 
and AG sites respectively.  The highest export of DOC was observed in the storm following 
leaf drop (fall).  The AG catchment consistently exported the most DOC during these 
seasonal storm events.  During the summer and spring storms, DOC export was significantly 
higher at the AG site (ANOVA; summer - p < 0.01; spring - p < 0.01).  There was no 
significant difference in DOC export between land use types during the fall storm (ANOVA, 
p = 0.42). 
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Figure 8.  DOC export (kg ha-1 d-1) in each of the three catchments for the seasonal storm 
events.  Discharge (cms) is indicated by the black lines and is shown on the right y-axis.  
DOC export is depicted in the area plots and is shown on the left y-axis.    
  
 Figure 8 illustrates how much DOC was exported from the study catchments during 
three seasonal storm events.  We utilized EEMs to determine the composition of FDOM as it 
changes throughout each storm event.  Many of the peaks detailed in Table 6 have been 
commonly found in aquatic systems.  We have isolated a novel peak that to our knowledge 
has not been published.  This peak is shown as a PARAFAC component in Figure 9 and was 
observed only in our fall storm samples.  We observed higher fluorescent intensity (Figure 
10) in the forested sites as a pose to the AG site.  The peak became diluted or was 
overshadowed by a broadening of the C peak as discharge increased.  
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Figure 9.  Fluorescence spectra of the novel "L Peak."  Fluorescence predominately occurs at 
an excitation of 330-400 nm and an emission of 580-600 nm. 
 
 
 Based on the isolated components depicted in Table 6, we show how specific regions 
of EEMs change throughout the course of storm events (Figure 10).  All regions of the EEM 
show an increase in fluorescence intensity with increasing discharge.  In the storms where we 
managed to capture the falling limb of the hydrograph, we observed a decrease in 
fluorescence intensity with decreasing discharge.  FDOM in our study catchments is 
dominated by the A, C, and M peaks.  The L peak is present only during the fall storm event, 
as it does not appear in our summer and spring storm samples.  All of the fluorescence peaks 
increase in intensity with rising discharge.  Maximum fluorescence intensity is highest during 
the fall storm (55), and lowest during the spring storm (4).  While changes in peaks do occur 
they tend to follow an increasing linear trend rather than sticking strictly to the discharge 
hydrograph.   
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Figure 10.  The change in fluorescent components throughout each storm event.  Specific 
peaks are labeled.  Fluorescence intensity is plotted on the y-axis.  Discharge for each site is 
depicted with a solid black line.  OGF sites are shown by season on the left, OLF sites are in 
the middle, and AG sites are depicted on the right.   
 
 We observed an increase in FDOM with increasing discharge at our study 
watersheds.  One might speculate that an increase in DOC or FDOM would suggest an 
increase in DOC biolability.  In Figure 11, we plot discharge against DOC biolability and 
SUVA254 for each of our study catchments.  We observed an increase in SUVA254 with 
increasing discharge.  Discharge explains 21, 30, and 73% of the variation in the SUVA 
values for the OGF, OLF, and AG sites respectively.  In the forested catchments we observe 
a decrease in DOC biolability with increasing discharge.  There is no relationship between 
discharge and DOC biolability at the AG site.  Discharge explains 15, 30, and 4% of the 
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variation in the DOC biolability values for the OGF, OLF, and AG catchments respectively.  
In the forested catchments SUVA explains 30% (OGF) and 48% (OLF) of the variation in 
the biolability data.  There is no relationship between SUVA and biolability at the AG study 
site. 
 
Figure 11.  Discharge plotted against SUVA254 (left y-axis) and DOC biolability (right y-
axis) for each of our study catchments.  The dashed trendline represents a best fit linear 
regression through the SUVA data (black circles).  The black trendline represents a best fit 
linear regression through the DOC biolability data (open triangles).  r2 values are reported for 
each regression. 
 
 Table 7 summarizes much of the data and provides insight into the importance of the 
fall storm.  The data in Table 7 indicate the % change in each parameter between baseflow 
and peak discharge for specific study sites and storm events.  We observed increases in DOC, 
discharge, SUVA and spectral components for each of the storms events we captured.  In 
most cases biolability decreased throughout the course of the storm events.  The fall storm 
generated the largest changes in the study parameters.  During the fall storm, discharge 
increased 21, 44, and 14%, while DOC increased 581, 22, and 201% at the OGF, OLF, and 
AG sites respectively.  We observed the largest change in spectral components during the fall 
storm. 
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Table 7.  The percentage change between baseflow and peak discharge for each parameter or 
component by land use type and seasonal storm event.   
 
 
Discussion 
 Our data indicate an increase in DOC export during storm events, an increase in 
SUVA, and a decrease in biolability.  While it is difficult to link specific components with 
any of these three parameters, we are able to show how FDOM and CDOM changes 
throughout storm events in catchments with specific land use types. 
DOC Export 
 Seasonality is extremely important in controlling the export of DOC from our study 
catchments.  Leaf drop is critical to supplying additional inputs, as we observed the highest 
export during the fall storm (just after leaf drop).  The AG site consistently exports the 
highest concentration of DOC per unit of watershed area.  This is likely due to landscape 
disturbances related to farming and tree cutting practices.  On average, the OGF site exports 
the least DOC per catchment area.  A lack of soil disturbance and channel incision may allow 
this landscape to retain organic matter when compared to the other land use types.  The 
increase in DOC concentration observed at all sites is common during storm events, but 
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export scaled to catchment area is rarely reported.  Values like the ones reported here are 
needed to constrain the transport of organic matter from terrestrial landscapes into large river 
systems.   
FDOM 
 Based on visual inspection, EEMs were similar for each of our study watersheds.  
Maximum fluorescence intensity increased with higher DOC concentrations.  The most 
noticeable difference in FDOM composition occurred during the fall storm, where we 
observed the L peak in a number of our samples.  Sampling was conducted just after leaf 
drop and fluorescence intensity decreased with increasing discharge.  EEM's were dominated 
by fluorescence in the A and C peak region suggesting that the bulk of DOC exported into 
the stream channel was humic in nature.  This is supported by the increase in aromatic 
content (SUVA254) of the DOC.  Other peak regions increased in fluorescence intensity with 
discharge suggesting that landscapes mobilize proteins and fulvic acids during storm events.  
The composition of the FDOM did not change significantly during the storm events.  Instead, 
we observed an increase in the fluorescence intensity of all components. 
 Land use had little control over the composition of FDOM in our stream samples.  
We observed increased fluorescence intensity of the L peak in the forested sites during the 
fall storm, but in regards to composition, peaks did change significantly between land use 
types.  Seasonal influences were observed, with the maximum fluorescence intensity 
occurring during the fall storm and the lowest fluorescence intensity occurring during the 
spring storm.   
 While specific components can be used to track discharge, FDOM is not sensitive 
enough to track changes to the source of DOC in small watersheds during storm events.  This 
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technique has been shown to be useful on a larger scale where source end members are 
significantly different from each other (Osburn and Stedmon, 2011).  
Biolability and SUVA 
 In each storm event, we observed an increase in SUVA254 with increasing discharge.  
Studies in headwater streams (Hood et al, 2006) and larger river basins (Spencer et al, 2008 
and 2012) have also observed an increase in SUVA254 with increasing discharge.  The 
increase in SUVA254 shows that the aromatic content of DOC exported during storm events is 
increasing.  Soil organic matter is the dominant input of DOC to headwater streams.  The 
increase in SUVA254 was shown to control biolability at the forested study sites.  In the OGF, 
30% of the variability in biolability is due to SUVA254, while in the OLF, 48% of the 
variability is due to SUVA254.  Biolability at the AG site is not controlled by SUVA254.  We 
observe the smallest increases in discharge at the AG study sites for each storm event (Table 
2).  We do observe similar increases in SUVA254 with increasing discharge.  The increase in 
SUVA254 paired with no change in biolability at the AG site suggests one of three things.  1) 
Heterotrophic bacteria were not scoured from the stream channel during storm events, 2) 
Microbial communities are accustomed the source of DOC or 3) The microbial community 
was already depleted or removed during filtration due to the lower energy inputs of 
allochthonous DOC. 
 
Conclusions 
 We were able to show that the export of DOC was controlled by land use type, with 
the AG site exporting significantly more DOC during the summer and spring storms.  EEM's 
showed that the quality of the DOC did not vary greatly between land use types.  Maximum 
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fluorescence intensity for specific components was influenced by discharge and season.  
Biolability was controlled by both discharge and SUVA254 for the forested watersheds.  At 
the AG site discharge controlled only SUVA254.   
 Future studies should focus on more frequent sample collection during storm events 
to better assess changes to the composition of FDOM.  Fluorescence techniques can be used 
to track specific components during base or storm flow and should be considered in future 
organic matter studies.  The authors recommend pairing fluorescence techniques with other 
methods of analyzing DOC to determine ecological implications in aquatic and terrestrial 
environments.   
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SUMMARY 
 
 The data presented in this dissertation sheds light on understanding the complexity of 
DOC in headwater catchments.  We know that a portion of DOC is bioavailable, but we 
ultimately have little constraint on which fractions are available and why that may be.  In 
aquatic systems, much of the DOC originates from the terrestrial environment.  Streams 
provide an important interface with the terrestrial environment and offer a mechanism to 
transport organic material to rivers and oceans.  We hypothesized that land use would play a 
dominant control on the export, age, and availability of dissolved organic carbon.  
Additionally, we studied the age of particulate organic carbon mobilized during storm events 
to assess a landscapes ability to store organic matter.  To assess the fate of DOC (microbial 
respiration), we conducted nutrient addition experiments using batch culture methods.   
Below we summarize the main results of this work. 
1.  Seasonality is more important than land use in controlling DOC export. We 
demonstrated that the export of DOC in headwater streams is controlled by discharge and 
land use.  DOC concentrations increase throughout the course of storm events as the 
terrestrial landscape is flushed.  In all cases, DOC concentrations at least doubled between 
baseflow and peak discharge.  We observe the highest export of DOC per watershed area 
during the fall storm event.  Under all flow conditions, the agricultural site consistently 
exported the highest concentrations of DOC per watershed area.  This can be attributed to the 
disruption of soils related to farming practices.   
2.  The quality of DOC in controlled by discharge. The quality of DOC was assessed using 
both FDOM and CDOM techniques.  Fluorescence techniques showed little change in the 
composition of DOC.  We observed the export of similar material.  While one might expect 
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to see a change in the FDOM with a change in the source of DOC during storm events, these 
techniques were not sensitive enough to track these changes.  CDOM analysis was used to 
determine changes to SUVA254.  The DOC specific absorbance at this wavelength has been 
associated with aromatic carbon.  At most of the study sites, we observed an increase in 
SUVA254, with increasing discharge.  From a microbial standpoint this aromatic carbon is 
difficult to utilize as an energy source.  In summary, we observed little change in the FDOM 
and a decrease in the quality of the CDOM.   
3.  Land use does not control the export of aged organic carbon. Studying the age of 
organic carbon can provide insight into how we manage our landscapes for carbon storage 
and transport.  The age of organic matter has been shown to be variable in large river 
systems.  DOC in our headwater streams was variable in nature.  We observed a few 
instances of the export of older DOC, but the age was not controlled by land use, discharge, 
or season.  Particulate organic carbon on the other hand was significantly older.  The oldest 
POC was exported from the agriculture site, but again land use did not significantly control 
this relationship.  We did observe the export of older POC during baseflow and during the 
spring storm suggesting that higher water table levels may allow the export of this aged 
material.  Presumably a source of aged organic matter exists in the landscape, but its 
transport is either intermittent or overshadowed by newer inputs. 
4. Discharge controls the availability of DOC. The availability of DOC is directly related 
to the quality of DOC.  Land use did not control the availability of DOC in the soils of our 
study sites.  During storm events we observed a decrease in biolability with increasing 
discharge.  This would suggest that more aromatic DOC is transported from the landscape 
into the stream channel.  Land use did not extensively control the availability of DOC in the 
 59 
stream samples, although we did observe a decrease in biolability at the agricultural site in 
the spring storm samples.  This could be due to the lack of leaf litter in this catchment.   
5.  Microbial respiration cannot be overlooked as a source of degassed CO2. While all of 
the above mentioned parameters were studied under storm flow conditions, we analyzed the 
fate of DOC in headwater systems using batch culture techniques.  The addition of both 
nitrogen and phosphorous to batch cultures increased microbial respiration.  We observed 
little change in parameters like bacterial growth efficiency (BGE) and the conversion of 
recalcitrant to labile material with nutrient addition, although BGE was significantly higher 
in forested systems.  With nutrient addition, we observed an increase in the amount of DOC 
stored as microbial biomass.  While this was an important observation, much of the DOC 
processed by microbial communities is evaded to the atmosphere as CO2.  This shows that in 
nutrient limited systems, nitrogen can play an equal or greater role in controlling microbial 
respiration. 
6.  Discharge had a significant control on the export, quality, and availability of DOC. 
After evaluating each of these parameters, discharge had a significant control on the export, 
quality, and availability of DOC in these small systems.  Much of the DOC processed by 
microbial communities is lost during respiration.  In the broader context, this work 
indicates that headwater streams are an important mechanism in transporting organic carbon 
to larger river systems.  The data presented here indicate that we should manage landscapes 
to keep soils intact.  The increased loss of organic carbon in agricultural settings has 
important downstream implications for aquatic metabolism and potential water quality.  The 
forested sites indicate that soils release less organic carbon during storm events compared to 
an agricultural setting.  Addition of nutrients to stream samples suggests that microbial 
 60 
communities increase carbon assimilation, but maintain a relatively low efficiency (BGE).  
Significant concentrations of DOC are exported during storm events, of which most is lost as 
CO2 during microbial respiration. 
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APPENDIX 
Table 1.  GPS coordinates and sampling month of each batch culture experiment.  +P 
sampling was conducted in 2008, while +N+P sampling was conducted in 2010. 
 
Site GPS Location 
+P Sampling 
Month 
+N+P Sampling 
Month 
F1 N: 41.10967 W: -75.5622 Feb-08 Jul-10 
F2 N: 41.07750 W: -75.58054 Apr-08 Nov-10 
F3 N: 41.10422  W: -75.60559 Aug-08 Aug-10 
AG1 N: 40.73356  W: -75.40115 Oct-08 Oct-10 
AG2 N: 40.7335  W: -75.4002 Nov-08 Dec-10 
AG4 N: 40.7274  W: -75.3416 Dec-08 Jan-11 
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Table 2. Changes in DOC consumption throughout the 21 day batch culture experiment.  
Data was analyzed using linear regression.  We reported the slope, r2, and p values for each 
treatment type.  Values that are significant are marked with an *.  In the Control vs. Nutrient 
Addition column we reported the results of a t-test between the control and nutrient addition 
samples for each site.   
 
Site Treatment Slope (r
2) (p)  
(+P) 
Control vs. 
Phosphorus 
Addition (+P) 
Slope (r2) (p)  
(+N+P) 
Control vs. 
Nutrient 
Addition 
(+N+P) 
BA + -0.02 (0.02) (0.87) 0.025 (0.27) (0.11) 
BB + -0.09 (0.39) (0.37) 0.008 (0.02) (0.65) 
BC – -0.07 (0.90) (0.05)* -0.002 (0.01) (0.89) 
F1 
BD – -0.08 (0.35) (0.41) 
0.31 
0.002 (0.01) (0.92) 
0.19 
BA + -0.13 (0.92) (0.04)* -3.428 (0.33) (0.09) 
BB + -0.21 (0.95) (0.02)* -1.456 (0.34) (0.09) 
BC – -0.24 (0.79) (0.11) -3.655 (0.27) (0.14) 
F2 
BD – -0.07 (0.40) (0.37) 
0.46 
-2.697 (0.07) (0.47) 
0.19 
BA + -0.04 (0.59) (0.23) 0.033 (0.34) (0.09) 
BB + -0.04 (0.44) (0.34) -0.004 (0.01) (0.75) 
BC – -0.09 (0.64) (0.20) -0.007 (0.07) (0.47) 
F3 
BD – -0.11 (0.75) (0.13) 
0.04* 
-0.010 (0.06) (0.52) 
0.2 
BA + -0.12 (0.69) (0.17) 0.027 (0.60) (0.01)* 
BB + 0.08 (0.71) (0.16) 0.009 (0.32) (0.08) 
BC – 0.07 (0.29) (0.46) 0.005 (0.32) (0.08) 
AG1 
BD – 0.10 (0.87) (0.06) 
0.22 
-0.008 (0.05) (0.56) 
0.048*+ 
BA + 0.11 (0.79) (0.11) 0.015 (0.77) (0.01)* 
BB + 0.01 (0.02) (0.87) 0.018 (0.54) (0.01)* 
BC – 0.05 (0.79) (0.11) 0.006 (0.01) (0.84) 
AG2 
BD – 0.07 (0.46) (0.32) 
0.48 
0.010 (0.56) (0.01)* 
0.029*+ 
BA + 0.20 (0.78) (0.11) -0.092 (0.33) (0.09) 
BB + 0.09 (0.61) (0.22) -0.074 (0.59) (0.01)* 
BC – -0.04 (0.18) (0.58) -0.029 (0.47) (0.03)* 
AG4 
BD – 1.32 (0.61) (0.22) 
0.25 
-0.021 (0.39) (0.06) 
0.03* 
+Significant p values may be due to negligible increases in DOC. 
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Table 3. Changes in DO consumption throughout the 21 day batch culture experiment.  Data 
was analyzed using linear regression.  We reported the slope, r2, and p values for each 
treatment type.  Values that are significant are marked with an *.  In the Control vs. Nutrient 
Addition column we reported the results of a t-test between the control and nutrient addition 
samples for each site.   
 
Site Treatment 
Slope (r2) (p)  
(+P) 
Control vs. 
Phosphorus 
Addition (+P) 
Slope (r2) (p)  
(+N+P) 
Control vs. 
Nutrient 
Addition 
(+N+P) 
BA + -0.58 (0.49) (0.30) -0.68 (0.90) (0.01)* 
BB + -1.02 (0.98) (0.01)* -0.57 (0.83) (0.01)* 
BC – -1.10 (0.94) (0.03)* -0.03 (0.57) (0.01)* 
F1 
BD – -1.26 (0.99) (0.01)* 
0.11 
-0.21 (0.66) (0.01)* 
0.013* 
BA + -0.65 (0.92) (0.04)* -0.34 (0.78) (0.01)* 
BB + -0.87 (0.92) (0.04)* -0.37 (0.82) (0.01)* 
BC – -0.62 (0.94) (0.03)* -0.27 (0.55) (0.01)* 
F2 
BD – -0.61 (0.99) (0.04)*  
0.21 
-0.18 (0.40) (0.05)* 
0.14 
BA + -1.18 (0.55) (0.26) -0.27 (0.67) (0.01)* 
BB + -1.04 (0.98) (0.01)* -0.17 (0.50) (0.01)* 
BC – -0.93 (0.92) (0.04)* -0.02 (0.01) (0.23) 
 
F3 
BD – -0.82 (0.88) (0.06) 
0.02* 
-0.10 (0.26) (0.09) 
0.17 
BA + -1.34 (0.93) (0.04)* -0.52 (0.81) (0.01)* 
BB + -1.28 (0.52) (0.28) -0.50 (0.83) (0.01)* 
BC – -1.44 (0.85) (0.08) -0.31 (0.84) (0.01)* 
AG1 
BD – -1.37 (0.80) (0.10) 
0.25 
-0.26 (0.92) (0.01)* 
0.02* 
BA + -1.40 (0.88) (0.06) -0.53 (0.77) (0.01)* 
BB + -1.09 (0.69) (0.17) -0.35 (0.64) (0.01)* 
BC – -1.01 (0.91) (0.05)* -0.05 (0.06) (0.52) 
AG2 
BD – -0.97 (0.88) (0.06) 
0.15 
-0.06 (0.05) (0.54) 
0.08* 
BA + -1.30 (0.55) (0.26) -0.59 (0.82) (0.01)* 
BB + -1.13 (0.38) (0.38) -0.64 (0.85) (0.01)* 
BC – -0.91 (0.82) (0.10) -0.37 (0.65) (0.01)* 
AG4 
BD – -1.12 (0.63) (0.21) 
0.25 
-0.35 (0.53) (0.02)* 
0.04* 
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Table 4. Changes in DIC production throughout the 21 day batch culture experiment.  Data 
was analyzed using linear regression.  We reported the slope, r2, and p values for each 
treatment type.  Values that are significant are marked with an *.  In the Control vs. Nutrient 
Addition column we reported the results of a t-test between the control and nutrient addition 
samples for each site.   
 
Site Treatment Slope (r
2) (p)  
(+P) 
Control vs. 
Phosphorus 
Addition (+P) 
Slope (r2) (p)  
(+N+P) 
Control vs. 
Nutrient 
Addition (+N+P) 
BA + 0.18 (0.09) (0.70) 0.75 (0.60) (0.01)* 
BB + 0.26 (0.32) (0.43) 0.50 (0.29) (0.12) 
BC – 0.26 (0.88) (0.06) 0.92 (0.76) (0.01)* 
F1 
BD – 0.08 (0.11) (0.67) 
0.38 
0.66 (0.63) (0.01)* 
0.01* 
BA + 1.61 (0.99) (0.01)* 0.92 (0.84) (0.01)* 
BB + 1.79 (0.92) (0.04)* 1.05 (0.91) (0.01)* 
BC – 0.52 (0.75) (0.14) 0.81 (0.82) (0.01)* 
F2 
BD – 1.18 (0.99) (0.01)* 
0.09 
0.92 (0.97) (0.01)* 
0.02* 
BA + 1.24 (0.48) (0.31) 0.67 (0.73) (0.01)* 
BB + 2.49 (0.99) (0.02)* 0.87 (0.87) (0.01)* 
BC – 1.07 (0.70) (0.16) 0.58 (0.64) (0.01)* 
F3 
BD – 1.94 (0.83) (0.09) 
0.15 
0.24 (0.20) (0.22) 
0.21 
BA + -4.11 (0.48) (0.31) 0.62 (0.03) (0.61) 
BB + -5.59 (0.39) (0.37) 1.30 (0.30) (0.11) 
BC – -4.09 (0.55) (0.26) 0.82 (0.14) (0.31) 
AG1 
BD – -2.06 (0.62) (0.22) 
0.25 
0.35 (0.03) (0.66) 
0.32 
BA + -4.48 (0.37) (0.39) -1.04 (0.11) (0.37) 
BB + 4.55 (0.68) (0.18) -0.22 (0.02) (0.08) 
BC – -1.26 (0.64) (0.20) -0.78 (0.06) (0.07) 
AG2 
BD – 1.03 (0.11) (0.67) 
0.49 
0.51 (0.02) (0.01)* 
0.14 
BA + 7.24 (0.46) (0.32) 0.58 (0.03) (0.66) 
BB + 4.72 (0.16) (0.59) -0.13 (0.01) (0.89) 
BC – 5.31 (0.35) (0.41) 0.90 (0.04) (0.61) 
AG4 
BD – 2.78 (0.41) (0.36) 
< 0.01* 
0.77 (0.04) (0.61) 
0.14 
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Table 5. Mean bacterial growth efficiency during the 21-day batch culture experiment for 
each site and treatment.  The Control vs. Nutrient Addition columns show the results of the t-
test of BGE values between + or - nutrient treatments.  Values deemed significant for this 
study are indicated with an asterisk. 
Site Treatment Mean BGE (%) (+P) 
Control vs. 
Nutrient 
Addition 
Mean BGE (%) 
(+N+P) 
Control vs. 
Nutrient 
Addition 
BA + 8.8 35.6 
BB + 6.6 40.6 
BC – 5.1 10.9 
F1 
BD – 6.6 
0.25 
9.7 
0.04* 
BA + 16.4 18.1 
BB + 29.2 12.6 
BC – 36.5 6.9 
F2 
BD – 17.8 
0.41 
17.0 
0.37 
BA + 45.5 32.4 
BB + 43.0 16.2 
BC – 37.8 18.2 
F3 
BD – 22.5 
0.14 
12.1 
0.16 
BA + 15.7 10.5 
BB + 14.5 7.8 
BC – 14.7 3.7 
AG1 
BD – 13.0 
0.06 
3.3 
0.06 
BA + 11.5 5.8 
BB + 14.3 3.3 
BC – 6.8 10.7 
AG2 
BD – 6.7 
0.08 
15.1 
0.23 
BA + 14.6 8.0 
BB + 14.2 4.1 
BC – 19.7 4.1 
AG4 
BD – 14.2 
0.25 
4.4 
0.28 
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Figure 1.  Annual discharge hydrograph for each land use type.  Precipitation is plotted in 
millimeters.  Discharge is plotted in cubic meters per second.  Dashed lines indicate storm 
events that were sampled. 
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Table 6.  Stream DOC and POC isotope data.  Samples are separated by land use, analysis 
type, and hydrograph section sampled.  Age is reported as ∆14C.  DOC concentrations are 
reported were applicable as mg/L.   
Land 
Use 
Type 
Season Analysis Type Time ∆
14C ‰ ∆13C ‰ DOC (mg/L) 
POC -233.8 -28.1  
POC -271.2 -29.7  
DOC -12.9 -20.9 1.9 
DOC 
Baseflow 
63.5 -25.0 1.9 
POC -128.2 -27.2  
POC -123 -27.3  
DOC 86.4 -27.1 3.4 
Fall 
DOC 
Peak 
61.4 -28.0 3.4 
POC -3.9 -28.1  
DOC 
Baseflow 
10.4 -26.8 2.2 
POC 47.9 -27.5  
OGF 
Spring 
DOC 
Peak 
70.1 -26.8 4.5 
POC -209.3 -29.7  
DOC 
Start 
-58.3 -17.1 2.1 
POC -196 -27.3  
POC -98.6 -27.7  
Fall 
DOC 
Peak 
76.5 -24.4 3.0 
POC -114.8 -28.2  
DOC 
Start 
2.5 -26.7 3.0 
POC 39.9 -27.1  
OLF 
Spring 
DOC 
Peak 
-108.9 -26.7 5.7 
POC -284.9 -27.5  
POC -475.4 -27.3  
DOC 
Baseflow 
1.9 -27.8 2.7 
POC -434.6 -28.5  
Fall 
DOC 
Peak 
74.5 -27.8 5.1 
POC -49.3 -28.2  
DOC 
Baseflow 
-97.1 -36.9 3.3 
POC 29.8 -24.7  
AG 
Spring 
DOC 
Peak 
66.4 -27.2 5.3 
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